An active skin antenna with structural load-bearing and electromagnetic functions is usually installed in the structural surface of mobile vehicles such as aircrafts, warships, and high-speed train. This paper presents the design, fabrication, and testing of a novel active skin antenna which consists of an encapsulation shell, antenna skin, and RF and beam control circuits. The antenna skin which consists of the facesheet, honeycomb, array framework, and microstrip antenna elements was designed by using Bayesian optimization, in order to improve the design efficiency. An active skin antenna prototype with 32 microstrip antenna elements was fabricated by using a hybrid manufacturing method. In this method, 3D printing technology was applied to fabricate the array framework, and the different layers were bonded to form the final antenna skin by using traditional composite process. Some experimental testing was conducted, and the testing results validate the feasibility the proposed antenna skin structure. The proposed design and fabrication technique is suitable for the development of conformal load-bearing antenna or smart skin antenna installed in the structural surface of aircraft, warships, and armored vehicles.
Introduction
Over the last decade, structural, material, and antenna designers have collaborated to integrate the microstrip antennas (or planar spiral antennas) and microwave circuits into the structural surfaces of the aircraft, warship, and armored vehicles. This multidisciplinary effort has developed a new high payoff technique known as the skin antenna [1] [2] [3] . The skin antenna provides a new paradigm where the structural surface becomes an antenna, and it is not only a microwave device receiving or sending electromagnetic waves but also a load-bearing structure [2] . Compared with the antennas mounted on the structural surface, the skin antenna could have several advantages such as reducing the weight and improving the structural efficiency and the electromagnetic performance, and it will play increasingly a key role in future radar and wireless communications of mobile vehicles such as aircraft, high-speed train, car, and ship.
Many researchers have dedicated to the investigation of the skin antenna and proposed different concepts such as a conformal load-bearing antenna [4] [5] [6] , structurally integrated antenna [7, 8] , structurally embedded vascular antenna [9, 10] , three-dimensionally integrated microstrip antenna [11] [12] [13] [14] , and composite antenna [15] [16] [17] . Almostand printing circuit board (PCB) are utilized to fabricate the active skin antenna. For example, in [3] , LTCC was applied to fabricate the RF layer (containing antenna elements, feeding networks, low-noise amplifiers, phase shifters, and power amplifiers) of the active skin antenna. In [2] , the substrate Rogers 5880 was applied to fabricate the antenna array embedded in the skin structure. However, for a large skin antenna, it is costly and different to fabricate the antenna array using the LTCC and PCB. In addition, the conventional fabrication of the skin antenna is the lack of the flexible use and reuse of the antenna elements, due to the fixedness of the antenna elements in the antenna array.
In recent years, 3D printing (also called additive manufacturing) was applied to fabricate the antenna and microwave devices [18] . Compared to conventional manufacturing techniques, 3D printing offers several advantages, including the capability of a more flexible design, less prototyping time, cost reduction, much less human interaction, and a faster product development cycle [19] . 3D printing technology has been investigated to realize advanced wireless devices, such as antennas, from GHz to THz frequency range. Antennas with different structures such as horn antennas [20] , patch antennas [21] , conformal antennas [22] , gradient index lens antennas [23] , and reflect array antennas [24] have been realized using 3D printing techniques. The 3D printed passive circuits and components for higher frequencies have also been demonstrated. In [25] , dielectric ridge waveguides, a photonic crystal filter, and a power splitter were all printed on a commercially available 3D printer. Almost all the investigations above have been dedicated to the design and fabrication of the 3D printed passive antenna and microwave devices. As for the active antenna array, Chen and her teams have firstly demonstrated an inkjet-printed flexible phasedarray antenna without any lithography process [26] [27] [28] . Passive and active components, such as microstrip transmission lines, phase shifters, and RF power distribution networks, are all developed adopting a room temperature 3D printing process. The electronics, such as switch and amplifiers, are printed with ultrapure CNT solution. Their proposed design and fabrication technology show great advantages for developing the smart skin antenna, electronic paper, epidermal electron, and so on.
In this paper, 3D printing techniques were applied to fabricate the array framework into which microstrip antenna elements were embedded for radiating electromagnetic waves. Subsequently, composite process was applied to bond the array framework, the facesheet, honeycomb, and the antenna elements to form the final antenna skin which can provide the structural load-bearing and electromagnetic receiving sending functions simultaneously. The motivation of this investigation is to provide the design and fabrication technology of a new active skin antenna structure for wireless communications of mobile vehicles such as aircraft, highspeed train, car, and ship. Compared with the active skin antenna in [2, 3] , the proposed antenna has the following advantages such as low cost, easy maintenance, and flexible use and reuse of antenna elements. In addition, the active skin antenna prototype with 32 microstrip antenna elements was fabricated by using a hybrid manufacturing method. In this method, 3D printing technology was applied to fabricate the array framework, which can simplify the manufacturing process and reduce the cost of the antenna skin, especially for the complex conformal array framework. Subsequently, the different layers were bonded to form the final antenna skin by using traditional composite process.
This paper presents the design, fabrication, and testing of a new active skin antenna with 3D printing array framework. This proposed antenna consists of an encapsulation shell, an antenna skin, and RF and beam control circuits. Bayesian optimization was applied to design the antenna skin, in order to improve the design efficiency. The active skin antenna prototype with 32 microstrip antenna elements was fabricated, and some experiments were conducted to evaluate the fabricated antenna prototype. The remainder of this paper is organized as follows. The overall structure of the active skin antenna is presented in Section 2. Section 3 describes the design of an active skin antenna prototype, and Bayesian optimization is applied to obtain an optimal design of the antenna skin. The fabrication of the active skin antenna prototype is succinctly described in Section 4. Section 5 presents the testing results of the skin antenna prototype. Finally, Section 6 concludes the paper.
Overall Structure of Active Skin Antenna
An active skin antenna can provide the structural loadbearing and electromagnetic receiving sending functions simultaneously. In the following, we present a novel active skin antenna structure. Figure 1(a) shows an application of the distributed active skin antenna installed in the wing of an aircraft, and the overall structural configuration of the active skin antenna is shown in Figure 1(b) .
From Figure 1 (b), it is observed that the proposed antenna consists of an encapsulation shell, an antenna skin, and RF (i.e., transmitting and receiving circuits) and beam control circuits. The encapsulation shell is filled with the RF and beam control circuits. Bolt connections are applied to connect the encapsulation shell and load-bearing framework which is a part of the wing. The encapsulation shell can protect the internal circuits against the external loads such as impact loads and aerodynamic loads. The antenna skin can provide the structural load-bearing and electromagnetic receiving functions, and it is composed of an antenna layer and a protective layer which contains the facesheet and honeycomb/foam. The antenna skin is embedded into the load-bearing framework using adhesive bonding or bolt connection technology. The RF circuits comprise feeding networks, low-noise amplifiers, phase shifters, and power amplifiers, and so on. The beam control circuits consist of direct current (DC) power and control circuits, and it generates the beamforming signal and supplies the power required by the RF circuits. Every antenna element in the antenna skin is fed by a SMA which connects the RF circuits by a flexible RF cable.
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Design of Active Skin Antenna Prototype
According to the antenna structure in Figure 1 , this section presents the design of an active skin antenna prototype with only the RF receiving function. The desired performance requirements are listed in Table 1 . In this table, the desired deformation displacement and structural stress mean the maximum allowable structural stiffness and strength, when a 50 N load is applied to the central point of the antenna structure. In the following, the antenna skin is designed using Bayesian optimization, and then the RF receiving and beam control circuits are described concisely.
3.1. Bayesian Optimal Design of Antenna Skin. Figure 2 shows the structural configuration of the proposed antenna skin. From Figure 2 , it is observed that the antenna skin comprises the facesheet, honeycomb, and antenna array. The facesheet, honeycomb, and antenna array are bonded to form the final antenna skin. In the antenna skin, the antenna array consists of 32 microstrip antenna elements and an array framework fabricated by using 3D printing technology, and every antenna element is embedded into the array framework using the adhesive bonding technology. Table 2 shows the materials which every layer needs and the electrical properties of these materials. Figure 3 presents the flowchart of the antenna skin design. As shown in Figure 3 , the antenna skin design consists of two steps. The first step is to design the length, width of the antenna element, and the position of the feed port. The second step is to optimize the thickness of facesheet and honeycomb in this skin antenna, and an electromechanical codesign optimization is proposed to balance the mechanical and electrical requirements.
3.1.1. Formulation of Optimizing Antenna Elements. The first stage is to specify the substrate materials, antenna element type, and the dimensions of the antenna element substrate, according to some predefined performances. In the antenna skin prototype, the length L g and width W g of the antenna element substrate were 28 mm, as shown in Figure 4 .
Utilizing the initial design determined by some empirical formulas, the simulation model of the microstrip antenna element was developed using HFSS VBScript. In order to obtain an optimal design, the paper constructed the following optimization model:
where the design variables x 1 and x 2 represent the length and width of the microstrip antenna elements, respectively. Dx and Dy represent the x-axis and y-axis coordinates of the feed port, respectively; S 11 is the return loss; S is the return loss under the current design size; S 0 is upper bound of the return loss; f 0 is the center frequency of antenna element; ε is the resonant frequency deviation from the allowable value; and x l and x up denote the lower bound and upper bounds of the design variable x, respectively. As for the antenna element design used in the antenna skin prototype, the parameters S 0 , ε, and f 0 were chosen as −20 dB, 0.05 GHz, and 5.8 GHz, respectively. The lower bound x l and upper bounds x up are 10, 10, −3 2, −3 2 and 15,15,3 2,3 2 , respectively.
Electromechanical Codesign Formulation.
The aim in the second stage is to obtain optimal dimensions of the Deformation displacement ≤12 mm 3 International Journal of Antennas and Propagation facesheet and honeycomb core, which influence the mechanical and electrical performance. The mechanical performance consists of the structural weight, stiffness, and strength, which can be calculated by the mechanical model of the antenna structure. The electrical performance such as the radiation pattern can be obtained from an electromagnetic simulation model.
In this stage, the antenna array was firstly constructed by utilizing the optimal antenna element. Subsequently, the electromagnetic model of the antenna skin was developed using HFSS VBScript, and the mechanical model of the skin antenna structure was developed using ANSYS parametric design language. Finally, the following electromechanical codesign formulation was proposed to determine the thickness of the facesheet and honeycomb which can simultaneously meet the mechanical and electrical requirements.
where the design variable d = t 1 , t 2 T will be solved by the optimization; t 1 and t 2 represent the thickness of facesheet and honeycomb, as shown in Figure 2 . The antenna gain G ain d of the antenna skin is used as the optimization objective, and δ and σ are the allowable deformation displacement and structural stress, respectively. δ max d and σ max d are the maximum deformation displacement and maximum structural stress under the current design variable d, respectively. In this paper, the allowable maximum deformation displacement δ max d and maximum structural stress σ max d are 12 mm and 240 MPa, respectively. d l and d h are the predefined lower bound and upper bound, respectively.
The mechanical performances δ max d and σ max d are determined using the following mechanical model of the antenna skin structure:
where K d is the stiffness matrix and it is a function of the design variable d. F is the vector of the load. δ is the displacement vector of the node deformation. In this paper, the maximum deformation displacement δ max d and maximum structural stress σ max d are used to evaluate the mechanical stiffness and strength before the antenna structure is destroyed. The maximum displacement δ max d is defined as the deflection at the central point of the antenna skin, when a predefined load is applied to the antenna structure.
3.1.3. Solution Based on Bayesian Optimization. Bayesian optimization is a statistical framework that uses information gained from past experiments to model and minimize an arbitrary objective function, and it works by building and querying cheap surrogate models which estimate the behavior of real objective functions which are expensive to evaluate [29] . Surrogate models are typically built using Gaussian process regression (GPR). GPR is to fit previously observed data and used to make predictions about the objective values in areas not yet explored. These predictions are easy to compute and can intelligently choose the next set of parameters such that solutions are found with a minimal number of expensive objective function.
In this subsection, the objective function in (1) and (2) was built by GPR model with given training data X, Y =
. According to the research in [29] [30] [31] , the new point x N+1 is obtained by a search algorithm, and the new 
where N is the number of training data, I is the identity matrix, K denotes the kernel matrix for the training data X, Y , k represents the covariance matrix between x N+1 and X = x 1 , x 2 , … , x N , k x N+1 , x N+1 signifies the selfcovariance matrix, and σ N is the noise deviation and the coefficient. This GPR model provides a posterior distribution of the unknown function. We can choose the next value of the function representing the targeted values by minimizing an acquisition function. In this paper, the lower confidence bound (LCB) is used as the acquisition function to find the optimal value of the design variables [29] , and it is expressed as follows:
Specify the material, shape, and dimensions of the antenna element according to the desired electrical performance
Develop the electromagnetic simulation model of the antenna element using HFSS VBScript
Construct the optimization formulation for the antenna element
Solve the formulation using Bayesian optimization
Utilize the optimal antenna element to construct the antenna array The Bayesian optimization above was applied to solve the optimization model in (1) and (2) . The objective functions were built using GPR. Figure 5 presents the flowchart of Bayesian optimization solution, and the optimal value of the design variable is obtained by using the following procedure.
(1) Determine design variables and design space and build the target model which is to be optimized. The initial sample points are selected by the Latin hypercube sampling method in the whole design space. Let K = 1, which represents the number of iteration.
(2) Fit a Gaussian distribution model by calculating the response of the Gaussian process model based on the multivariate normal distribution at sampling points.
(3) Optimize LCB acquisition function to find out the next design point x t .
(4) Perform an electromagnetic simulation at x t by using HFSS to get the actual response value.
(5) If the response obtained in the previous step meets the convergence, stop the procedure; otherwise, go to the step 6.
(6) Add the point sampled in step 3 to the database and return to step 2.
It is important to note that the selection of the next sample does not require the computation of electromagnetic model developed by HFSS, since (7) is computed only based on the previous simulation results, which minimizes computational time. Unlike most optimization techniques, this approach provides a posterior distribution of the unknown function and hence the search involves determining the function (rather than the output itself) that is closer to the targeted goal.
Design Results (1) Optimization Results of Antenna Element
In this part, the antenna element was optimized according to the optimization model in (1) by using the Bayesian optimization algorithm and genetic algorithm. Figures 6(a) and 6(b) show the optimization iterative process of the Bayesian algorithm and genetic algorithm, respectively. Compared with the two figures, it is found that Bayesian optimization needs 16 iterations to obtain the target solution which satisfies the design requirement. However, the genetic algorithm needs 50 iterations to achieve the target solution. The comparison of iteration numbers shows that the genetic algorithm is more likely to fall into the local optimal solution than the Bayesian algorithm. International Journal of Antennas and Propagation comparing results of the two algorithms for optimizing the antenna element. As seen from these results, the target solutions obtained by the Bayesian optimization algorithm and genetic algorithm are similar. However, the center frequency obtained by the Bayesian algorithm is much closer to 5.8 GHz. Besides, the time required by the Bayesian algorithm is less than half the time required by the genetic algorithm. Figure 7 shows the optimal return loss and the gain pattern of the antenna element obtained by Bayesian optimization. From Figure 7 (b), it is observed that the gain of the antenna element is about 6.23 dBi.
(2) Optimization Results of Antenna Skin
In this investigation, the antenna array was firstly constructed by utilizing the optimal antenna element from the previous section. Subsequently, according to (2) , the thickness of facesheet and honeycomb was optimized by the Bayesian algorithm and genetic algorithm, respectively. Table 4 provides some comparisons of the two algorithms. As shown in Table 4 , the calculating time required by the two algorithms is different. The time required by the genetic algorithm is more than twice time required by the Bayesian algorithm. Therefore, it is clear that the Bayesian algorithm is much faster than the genetic algorithm. Utilizing the optimization results from the Bayesian algorithm, Figure 8 shows the simulation results of the antenna skin gain, and its gain is 21.4 dB. When a 50 N load is applied to the central point of the antenna skin structure, the mechanical performance of the antenna skin is shown in Figure 9 . The maximum deformation displacement is 11.9 mm, and the maximum structural stress is 225 MPa. These results can meet the desired performance requirements in Table 1 .
Design of RF Receiving and Beam Control Circuits.
The RF receiving and beam control circuits are responsible for the reception of electromagnetic waves, amplitude, and phase control of antenna elements. Figure 10 presents the block diagram of the circuit in the active skin antenna prototype. The circuit consists of the same four RF receiver modules and a beam control circuit.
From Figure 10 , it is observed that each RF receiver module connects eight microstrip antenna elements by using RF cables. Each RF receiver module consists of an active receiving circuit and two-stage feed networks. Figure 11 shows the internal circuits in every RF receiver module. Each active receiving circuit has eight channels which realize the connection between the antenna element and the first-stage feed network. Each receiving channel consists of a lownoise amplifier (LNA), a 6-bit digital phase shifter, a variable attenuator, and a gain amplifier. In this prototype, the LNA and gain amplifier utilize the same chip PMA3-83LN+ manufactured by Mini-Circuits. The voltage-controlled variable attenuator HMC712LP3C is manufactured by ADI, and the 6-bit digital phase shifter MAPS-011008 is from MACOM. The attenuator and phase shifter are used to control the amplitude and phase, respectively, of incoming signal on each individual channel, and the control commands of the attenuator and phase shifter are from the beam control circuits, as shown in Figure 10 .
In this paper, two-stage feed networks are used to combine each channel signal received by the antenna element to the RF terminal. The feed networks were designed by using integrated circuit combiners and distributed microstrip transmission line. The integrated circuit combiner WP4A+ and SCN-2-65+ from Mini-Circuits Corporation were used to realize the combination of four or two equal amplitude and phase power signals, respectively. The Wilkinson feed networks realized by distributed transmission line were designed to connect the output channel and the integrated circuit combiner chip. Figure 12 presents the design of the first-stage feed networks (i.e., 4 : 1 combining networks), due to the limitation of the length of the paper. From the simulation results in Figure 12 (b), it is found that the network can obtain approximately equal insertion loss and equal phase characteristics in the 5.4-6.2 GHz frequency range.
Fabrication of Active Skin Antenna
This section presents the fabrication of an active skin antenna prototype, and the fabrication process is succinctly described in the following.
The antenna skin was fabricated by using a hybrid manufacturing approach. In this paper, the hybrid manufacturing approach refers to the combination of 3D printing manufacturing and traditional manufacturing process. The 3D printing manufacturing was applied to fabricate the antenna array framework, and the remainder was fabricated by using traditional manufacturing process. The hybrid manufacturing approach can simplify the manufacturing process and reduce the cost of the antenna skin, especially for the complex conformal array framework.
First, every layer in the antenna skin was manufactured separately, according to the design results above. During the course of the fabrication, the antenna array framework was fabricated by using the 3D printing technology, and 32 microstrip antenna elements were fabricated by screen printing methods. Figure 13(a) presents the fabricated microstrip antenna elements and array framework. Subsequently, the microstrip antenna elements were embedded into the array framework using the adhesive bonding technology, as shown in Figure 13(b) . The designed facesheet and honeycomb were prepared by confirming their mechanical and electrical performances. For the facesheet, two-ply glass/ epoxy prepregs were symmetrically laid up, and each layer was bonded on the top or bottom of another one in the design sequence by using the epoxy film adhesive. Subsequently, the layers were aligned and laminated according to the assembly sequence of each layer. After being covered 8 International Journal of Antennas and Propagation by a vacuum bag, the assembly was cocured in an autoclave, according to the recommended curing cycle for this adhesive (125°C for 180 min at a pressure of 0.45 MPa). Figure 13 (f) shows the final skin antenna sample. The RF receiving and beam control circuits were fabricated by printing circuit board technology. Figure 14 shows the fabricated active skin antenna prototype. The soft RF label was utilized to connect the antenna skin with the RF receiving and beam control circuits.
Testing Results
Utilizing the fabricated antenna prototype, we have conducted some experiments to validate the proposed design and fabricating method. Figure 15 presents the experimental system which consists of a test fixture, active skin antenna, and near-field measuring system. Moreover, the absorbing wave materials cover the metal surface of the test fixture to avoid the reflection and scattering of electromagnetic wave. 
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The experimental results and discussions were presented in the following.
Comparisons of Simulation and Measured Results.
In order to validate the Bayesian optimal design, this paper firstly presents the measured return loss of microstrip antenna element and then presents the comparisons of measured and simulation radiation patterns of the antenna prototype at 5.8 GHz. Figure 16 gives the measured return loss of the 32 fabricated antenna elements. It is found that the measured return loss satisfies the design specification in Table 1 . The maximum error between the simulation and measured center frequency is 0.03 GHz. Figure 17 presents the comparisons between the measured and simulation radiation patterns of the antenna prototype at 5.8 GHz. The maximum gain of the active skin antenna is about 21.2 dBi.
From Figure 17 , it is also found that the measured radiation patterns are closed to the simulation ones. However, 11 International Journal of Antennas and Propagation relative to the optimal design dimensions, also lead to the differences between the simulation and measured results of the radiation patterns and return loss.
Measured Scanning Patterns.
To demonstrate the electromagnetic performance, the scanning radiation characteristics of the fabricated antenna prototype were also measured in an anechoic chamber. Figure 18 presents the measured scanning patterns in xoz-plane and yoz-plane of the active skin antenna operating at 5.8 GHz. It is observed that the active skin antenna has a peak gain of 21.2 dBi and the side lobe levels (SLL) in xoz-plane and yoz-plane are about −14.1 and −13.7 dB, respectively. In addition, it is observed that the scanning range in xoz-plane is from −29.0°to 29.3°and that the scanning range in yoz-plane is from −14.2°to 14.9°. Table 5 gives some electrical performance indexes extracted from the measured scanning patterns in Figure 18 . From the table, it is found that there is some difference between the desired beam direction and actual beam direction. This difference may be due to the imperfections of the measurement system such as the phase error caused by the manufacturing errors in RF receiving circuits.
Conclusions
This paper presents a novel active skin antenna structure which consists of an encapsulation shell, an antenna skin, and RF and beam control circuits. The antenna skin comprises facesheet, honeycomb, microstrip antenna elements and an array framework fabricated by 3D Printing technology. The different layers were bonded to form the final antenna skin. In addition, Bayesian optimization method was applied to design the microstrip antenna element and the thickness of facesheet and honeycomb of the skin antenna, in order to obtain an optimal design and improve the design efficiency. The active skin antenna prototype with 32 microstrip antenna elements was fabricated and some experiments were conducted to evaluate the fabricated antenna prototype. The comparisons between the simulation and measured results show that Bayesian optimization method can obtain accurate design results under the less computing time. The measured scanning radiation patterns validate the feasibility the proposed antenna skin structure. 
International Journal of Antennas and Propagation
Our design and fabrication technique is suitable for the development of conformal load-bearing antenna or smart skin antenna installed in the structural surface of aircraft, warships, and armored vehicles. Furthermore, Bayesian optimization method provides an alternative approach to realize the fast and accurate optimal design of antenna and microwave circuits.
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